Most pathogenic bacteria are nonobligate parasites that must modulate their gene expression patterns in response to environmental cues (75) . In some environments, pathogens need to mobilize scarce metabolic resources and vie with numerous competitors in order to survive. In other environments where pathogens are in contact with the host, nutrients are abundant, and competition with other microorganisms is limited, allowing for extensive multiplication of the pathogen, provided it can escape host defenses. Pathogens have therefore developed integrated regulatory systems that control the coordinated expression of one set of genes in one environment and a different set of genes in another environment. In pathogenic bacteria, these regulatory circuits are generally controlled by two-component systems (TCSs), composed of histidine kinases (HKs) and response regulators (RRs). In response to environmental stimuli, the HK phosphorylates the cognate RR, which then regulates gene expression (13) .
We have recently shown that the gram-negative bacterium Xanthomonas oryzae pv. oryzae requires a TCS mediated by RaxR and RaxH (called RaxRH) to sense population cell density (44) . Remarkably, the activation of rax (required for AvrXA21 activity) gene expression by RaxRH is induced by a small secreted molecule called AvrXa21. The production of AvrXA21, RaxR, and RaxH is regulated in a cell densitydependent manner by RaxRH (44) .
Rice lines carrying the host resistance gene product, XA21, which encodes a receptor kinase with a presumed extracellular LRR (leucine-rich repeat) and non-RD (no conserved arginine and aspartate in subdomain VII) cytoplasmic kinase domains (16) are able to mount an effective defense response to Xanthomonas oryzae pv. oryzae strains having AvrXA21 activity but not strains lacking AvrXa21 activity.
The X. oryzae pv. oryzae molecule that activates Xa21-mediated resistance, AvrXa21, has not yet been isolated. Nonetheless, we have shown that it is dependent on eight rax genes that provide clues to its molecular structure, secretion, and regulation. In addition to the raxR and raxH genes (11, 44) , three genes, raxA, raxB, and raxC, that encode proteins similar to components of the type I secretion system of gram-negative bacteria are required for AvrXA21 activity (27) . Another three genes, raxP, raxQ, and raxST, encode an ATP sulfurylase, an adenosine phosphosulfate kinase, and a putative sulfotransferase, respectively, suggesting that AvrXA21 activity requires sulfation (65) .
These data suggest that AvrXa21 is a secreted peptide, which acts as a quorum-sensing (QS) signal molecule whose production is regulated in a cell density-dependent manner in X. oryzae pv. oryzae by the RaxRH TCS (44, 78) . On the basis of decreased population sizes of strains that lack AvrXA21 activity in the field (14) , AvrXa21 may serve as a signal molecule essential for X. oryzae pv. oryzae cell-cell communication.
Investigation of the roles of the RaxRH system in controlling AvrXa21 activity is still in its infancy. One of the key questions that remains to be answered is what are the signals and re-sponses regulated by the RaxRH two-component system? We hypothesize that X. oryzae pv. oryzae uses the RaxRH TCS to sense AvrXA21, coordinate infection, and produce virulence factors. Support for this hypothesis comes from studies showing that QS has global effects on bacterial growth, survival, and interactions with eukaryotes. One report indicates that QSresponsive genes compose up to 10% of the Pseudomonas aeruginosa transcriptome and that a large portion of QS-activated genes code for membrane proteins and proteins involved in secretion of virulence factors (77) . A relationship between QS and virulence has also been described for the human pathogen Vibrio cholerae (51) and the plant pathogen Xanthomonas campestris pv. campestris (18) .
The majority of proteins that have been identified as virulence or avirulence factors are known to be delivered via the type three secretion system (TTSS), a broadly conserved structure among gram-negative pathogens of plants and animals. The TTSS is used by many pathogens to deliver effectors into host cells, and some TTSS effectors of plant pathogens share functions with effectors of animal pathogens (55) . In pathogenic bacteria, the TTSS is encoded by the hrp genes that are required for the hypersensitive reaction and pathogenicity (for a review, see reference 31).
The hrp gene cluster of X. oryzae pv. oryzae is nearly identical to the well-studied hrp cluster of X. campestris pv. vesicatoria (22, 40, (79) (80) (81) 85) . hrp genes in Xanthomonas spp. are expressed in planta or in defined minimal media, but not in rich media. Expression is controlled at least in part by a motif upstream of hrp genes known as the plant-inducible promoter (PIP) box (21, 40, 79) , which is also present upstream of many effectors and other genes (42, 57) . The PIP box is targeted by the transcriptional activator HrpX, an AraC-type transcriptional regulator (40, 58, 79) . HrpX regulates the expression of the hrpB operon and several effector proteins (40, 80) . Expression of hrpX is up-regulated by HrpG, a member of the OmpR response regulator family of bacterial TCSs. HrpG also activates HrpA expression (80, 81) .
HrpG had been shown to assimilate three major signals in the plant pathogen Ralstonia solanacearum: physical contact with the plant host (2), bacterial metabolic status (9) , and a QS signal (25) . Downstream genes activated by HrpG have recently been characterized using microarray analysis (75) . These include previously isolated genes and 10 other genes that encode response regulators. Thus, the HrpG regulator plays a pivotal role in the molecular switch between saprophytic and pathogenic lifestyles, responding to signals perceived during the soil/plant environment transition by shifting the expression of a large set of genes in addition to those driving the biogenesis of the TTSS. Despite its central importance in orchestrating complex functions, a sensor kinase counterpart or other activator of HrpG has not yet been identified.
Here we report that the RaxRH TCS controls expression of another TCS, PhoPQ, that is not only required for AvrXA21 activity but also controls virulence through the regulation of hrpG gene expression. These results reveal the presence of a complex regulatory circuit that integrates responses to multiple environmental signals and suggest that production and perception of AvrXa21 and regulation of genes involved in virulence are intimately linked.
MATERIALS AND METHODS
Biological materials and growth conditions. Xanthomonas oryzae pv. oryzae Philippine race 6 (PXO99Az kindly provided by Jan Leach and called PXO99 in this study) was used. The bacterial strains and plasmids used in this study are listed in Table 1 . Peptone sucrose (PS) medium (73) , nutrient broth (NB) (Difco Laboratories), or a modified version of M9 minimal medium containing 20 g ml Ϫ1 of cephalexin (MP Biomedicals) and/or other antibiotics as appropriate were used for growing cultures of X. oryzae pv. oryzae at 28°C. Escherichia coli strains were cultured in Luria-Bertani (LB) medium at 37°C. For E. coli, kanamycin at 50 g ml
Ϫ1
, spectinomycin at 50 g ml
, ampicillin at 100 g ml
, and gentamicin at 25 g ml Ϫ1 (15 g ml Ϫ1 for X. oryzae pv. oryzae) were used for selection of transformants. Polymyxin B and purothionin (Sigma), each at 250, 500, 1,000, and 2,000 g ml Ϫ1 , were used to test for resistance against the antimicrobial cationic peptides. To establish cell growth curves, strains PXO99 (wild type), PXO99Q, and PXO99P were used to inoculate M9 minimal medium containing different Mg 2ϩ and Ca 2ϩ concentrations (10 mM and 10 M for each). For assays of gene expression in the wild type and the PhoP mutant strains in response to variation in Mg 2ϩ and Ca 2ϩ concentrations, the cells were cultured in PS medium or NB medium for 3 days, washed three times with sterilized/ deionized water, transferred into M9 minimal medium containing different concentrations of the ions, and cultured for an additional 2 days at 28°C.
For inoculation experiments to test for virulence and avirulence, the Oryza sativa subsp. japonica rice varieties Taipei 309 (TP309, a rice line susceptible to X. oryzae pv. oryzae regardless of the presence of AvrXa21) and 106-17-3-37, a TP309 transgenic line carrying the Xa21 gene (TP309-XA21, resistant to X. oryzae pv. oryzae strain carrying AvrXa21) (69) were used.
Molecular techniques. Standard methods described by Sambrook et al. (64) were used for DNA manipulations during plasmid preparations and digestions with restriction enzymes. Southern blot analyses were carried out for the purpose of library screening and confirmation of knockout mutants using DNA probes labeled with [ 32 P]dCTP (NEN Life Science Products, Boston, MA) and a random labeling kit (Amersham Life Science, Arlington Heights, IL). Sequencing of the 3.6-kbp fragment containing phoQ and phoP in pUC18 was performed using the dideoxy chain termination method and an automated sequencer (model 400 I; Li-Cor, Lincoln, NE) with M13 forward and reverse primers or specific primers designed based on sequencing data. RNA extractions were carried out with TRIzol reagent (Invitrogen), and most of the enzymes for cDNA synthesis were purchased from Invitrogen. DNA, RNA, and protein concentrations were measured using the Nanodrop ND-1000 from Bio-Rad. The Cell-Porator system (BRL) was used for E. coli (Ն600 V) and X. oryzae pv. oryzae (Ն700 V) transformations under the following conditions: booster, 4 k⍀; capacitance, 330 F; charge rate, fast, low ⍀. All of the primer sequences used for this study are listed in Table 2 . X. oryzae pv. oryzae genomic DNA was prepared using the method developed by Ausubel et al. (3) .
IEF, 2-DE, and protein identification. Isoelectric focusing (IEF), two-dimensional electrophoresis , and the analysis of isolated protein spots were carried out as previously described (59) . Total protein was extracted from X. oryzae pv. oryzae PXO99 and PXO99R cultured in PS medium (Ͼ10 8 CFU/ml), resolved using IEF (pH 3 to 10, nonlinear; 13 cm long; Amersham Biosciences), and then separated through a 12% sodium dodecyl sulfate (SDS)-polyacrylamide gel. After SDS-polyacrylamide gel electrophoresis (SDS-PAGE), gels were stained with Coomassie brilliant blue and scanned using a Powerlook III flatbed scanner (UMAX) followed by analysis of protein spots using Image Master 2D Elite software version 4.1 (Amersham Biosciences). Proteins were extracted from gel pieces and treated with trypsin, and then the peptide masses were measured using an Ettan matrix-assisted laser desorption ionization (MALDI)-time of flight pro mass spectrometer (Amersham Biosciences). All MALDI spectra were internally calibrated using a standard peptide mixture of angiotensin III and adrenocorticotrophic hormone fragments 18 to 39 (Amersham Biosciences). The peptide mass fingerprinting data was analyzed using the NCBI database with the ProFound program allowing a 50-ppm mass tolerance. Three biological replicates and two technical replicates of samples were carried out for each strain.
Cloning phoQ and phoP from X. oryzae pv. oryzae. A cosmid library previously generated from X. oryzae pv. oryzae Philippine race 2 strain PXO86 (32) was screened for the phoP gene. A 453-nucleotide (nt)-long fragment of the PXO99 phoP gene was synthesized using the PCR method and used as the hybridization probe for screening. The specific primers used to generate the 453-nt-long fragment were designed based on the X. oryzae pv. oryzae Korean strain KACC10331 and the X. campestris pv. campestris phoP gene sequences GenBank accession no. (NC_003902); PXO99 genomic DNA was used as the template for PCR. The primer sequences used were 5Ј-CTTTTGGTCGAAGACGAAGC-3Ј for the forward primer and 5Ј-CGTAGCTGGTCAGATCCACA-3Ј for the re-verse primer. The PCR product was sequenced to confirm it represented the phoP gene sequence. The library was plated onto LB plates containing 50 g/ml of spectinomycin; cells were transferred onto nylon membranes by placing the membranes on the plates of cells and incubating overnight at 37°C. The membranes were then serially transferred onto 3 MM paper (Fisher Scientific) saturated with lysis solution (10% SDS) for 5 min, with denaturation solution (0.5 M NaOH) for 5 min, and then with neutralization solution (0.5 M Tris-Cl [pH 7.4], 1.5 M NaCl) for 5 min. After washing with 2ϫ SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate) buffer, the air-dried membranes were baked in an oven at 120°C for 30 min. Prehybridization and hybridization with [ 32 P]dCTP-labeled probe DNA was performed using the standard protocol of Sambrook et al. (64) . A 19.3-kb fragment of X. oryzae pv. oryzae genomic DNA identified during the screening was subcloned into pUC18. Southern blot analysis, carried out using the restriction enzymes HindIII, EcoRI, BamHI, and PstI and the phoP gene probe, was utilized to select the appropriate fragment for subcloning.
Resistance to antimicrobial peptides. Twenty milliliters of PS medium was inoculated with the wild-type strain (PXO99) or mutant PXO99Q or PXO99P strain and cultured for 3 days at 28°C. Next, 5 ϫ 10 6 CFU/ml of each cell suspension was transferred to fresh PS medium containing 250, 500, 1,000, or 2,000 g ml Ϫ1 of polymyxin B and purothionin. After 6 h of incubation at the same temperature, 10 l from each culture was dropped onto PS agar medium plates and incubated at 28°C. The colonies on each plate were counted after 3 days. Tolerance to acidic conditions. After culture of PXO99 (wild type) and PXO99Q and PXO99P mutant strains for 3 days at 28°C, 5 ϫ 10 6 CFU/ml of each strain was used to inoculate 1 ml of PS medium that had been adjusted to pH 7.0, 5.5, 4.5 (see Fig. 3 ), 3.5, or 3.0 with acetic acid. The population density was measured after 4, 8, and 12 h with a spectrophotometer (optical density at 600 nm), and the number of CFU was determined using the same method described above for testing resistance to antimicrobial peptides.
Activity assay for nonspecific acidic phosphatase. The para-nitrophenyl phosphate (pNPP) bioassay system kit (BioAssay Systems) was used for activity assays of nonspecific acidic phosphatase. The PXO99, PXO99Q, and PXO99P strains were cultured in PS or NB medium for 3 days at 28°C, washed with water that had been autoclaved and then deionized three times each, and then transferred into M9 minimal medium containing high (10 mM) or low (10 M) Mg 2ϩ or Ca 2ϩ concentrations. Cells were harvested after centrifugation at 2,500 ϫ g for 20 min, washed, and resuspended in extraction buffer (100 mM Tris-Cl [pH 7.5], 100 mM NaCl, 1 mM EDTA). Total protein was extracted using a Sonic Dismembrator (Fisher Scientific Inc.) on ice. After centrifugation at 2,500 ϫ g for 30 Inoculation experiments. Following surface sterilization, TP309 and TP309-XA21 (line 106-17-3-37) seeds were germinated in distilled water at 28°C for 4 days, then planted into soil, and grown for 6 weeks in a greenhouse. Six-week-old plants were transferred to a growth chamber at least 2 days prior to inoculation. The chamber conditions were as follows: 16 h of light at 28°C and 80% relative humidity/8 h of dark at 26°C and 90% relative humidity. X. oryzae pv. oryzae cells were prepared by culturing on PS agar plates containing either cephalexin (for the wild-type strain) or spectinomycin (for the PXO99Q and PXO99P mutant strains) for 3 days at 28°C. Rice leaves were inoculated with the scissor clip method (37), using cells suspended in distilled water at a density approaching 10 8 CFU/ml. Lesion lengths were measured 14 days after inoculation. X. oryzae pv. oryzae growth in planta was measured using the method reported by Song et al. (69) . The results represent an average of three inoculated leaves per strain for each of the eight time points (0, 2, 4, 6, 8, 10, 12, and 14 days after inoculation).
For establishing growth curves, 5-cm sections of the inoculated rice leaves were harvested at each time point, immediately sliced into small pieces, incubated in 1 ml sterile water including 15 g/ml of cephalexin with shaking for 1 h, and then filtered through two layers of gauze. The filtrates were then plated onto PS agar plates. Colonies on the plates were counted after 3 days of incubation at 28°C.
Construction of null mutants using marker exchange mutagenesis. Knockout mutants were generated using the marker exchange mutagenesis method (43), a kanamycin or spectinomycin resistance cassette (from pUK-4K and pHM1), and the suicide vector pUC18. DNA fragments for homologous recombination of the phoP and phoQ genes were synthesized using the PCR method with Taq polymerase (Promega Corp., Madison, WI) and with a programmable thermal controller (MJ Research Inc., Watertown, MA). The Sp r cassette was inserted into the SacII or NsiI restriction enzyme cleavage site of the X. oryzae pv. oryzae phoQ or phoP gene, respectively. The pUC18 constructs carrying the mutagenized phoP and phoQ genes were then introduced into competent PXO99 wild-type cells. After electroporation, the cells were incubated for 3 h at 28°C and then spread on PS agar plates containing 50 g/ml spectinomycin. Colonies that grew on those plates were replated onto PS agar plates containing 50 g/ml spectinomycin and plates containing 50 g/ml of spectinomycin-ampicillin in order to select for double-crossover events. Colonies which grew on the spectinomycinonly plates were collected and confirmed as insertional mutants using PCR. Primers used to confirm insertion into phoP were PhoP-N-F (5Ј-GCATGCGT ATCCTTTTGGTC-3Ј) and PhoP-N-R (5Ј-GGACTCAGCCTTCGGTACG-3Ј).
Primers used to confirm insertion into phoQ were PhoQ-N-F (5Ј-GCCGCTCC AAGTGGTATAGA-3Ј) and PhoQ-N-R (5Ј-ACTCCCGCTGGTCACAATC-3Ј). Southern blot analyses with probes specifically designed to detect either the phoQ or phoP gene split by the spectinomycin resistance gene were also performed for genomic confirmation that both genes had been "knocked out."
Generation of the PhoP-and HrpG-expressing mutants. The X. oryzae pv. oryzae phoP and hrpG genes were synthesized using the PCR method with cloned Pfu polymerase (Stratagene); mutant strains constitutively expressing these genes were generated using the pML122 vector (43) . The phoP and hrpG genes were amplified from the genome of the PXO99 wild-type strain and inserted into pCR-Blunt II TOPO (Invitrogen). The inserted sequences were confirmed through sequence analysis and then cut out using the restriction enzymes NdeI and BamHI, ligated into the protein expression vector pET15-b, which had been cut with the same enzymes, and then used to transform E. coli strain BL21. The pET15-b plasmids containing either the phoP or hrpG structural gene were extracted and treated with restriction enzymes HindIII and XbaI, respectively, to obtain versions of the phoP and hrpG genes with coding sequences for six histidines at their 5Ј ends. These altered fragments were then inserted into the pML122 vector to promote expression in X. oryzae pv. oryzae and introduced into PXO99P strains using electroporation. After incubation in PS broth (PSB) medium for 3 h, the cells were spread onto PS agar plates containing 15 mg/ml of gentamicin and 50 mg/ml of kanamycin. The mutant strains were confirmed using the PCR method; primer combinations specific for phoP, hrpG, and pML122 vector sequences were used as appropriate. The expression of PhoP and HrpG proteins was verified using Western blot analysis in which the His tag antibody was used for protein detection (data not shown).
Semiquantitative RT-PCR. To test expression of the genes which were known to be PhoPQ regulons in bacteria that infect animals, strains PXO99 and PXO99P were cultured in M9 minimal medium containing a high (10 mM) or low (10 M) concentration of Mg 2ϩ or Ca 2ϩ for 3 days at 28°C. RNA was extracted from the saturated cell cultures (Ն10 8 CFU/ml) using TRIzol reagent following the manufacturer's instructions (Invitrogen) and then quantified using the spectrophotometric method. After the quality of the RNA was confirmed on a 1.5% agarose gel, 5 g of each RNA sample was used for synthesis of cDNA using a cDNA synthesis kit (Invitrogen Corp., Carlsbad, CA). One microliter of the cDNA prepared from each RNA sample was then treated with RNase (DNase free) (Invitrogen) for 30 min at 37°C and used immediately thereafter as a template for PCR. The annealing temperature for each sample was determined based on the melting temperature of each primer. Other PCR conditions were as follows: denaturation at 92°C for 30 seconds, primer annealing for 30 seconds at the appropriate temperature for each primer pair, and extension at 72°C for 30 seconds. Reactions were run for 27 cycles with the exceptions of those for the hrpG, -A, and -X genes, which ran for 29 cycles. The PCR products were examined after separation through 1% agarose gels and staining with ethidium bromide. The primers were designed for amplification of short and specific parts of the targeted genes (fragments of around 400 bp); primer sequences are listed 
a qPCR, quantitative real-time PCR; KO, knockout mutants.
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in Table 2 . 16S rRNA was used as a control for this study and was amplified with 24 and 27 cycles to assure equal concentrations (rRNA 24 and rRNA 27 in Fig. 5 ).
RT-PCR products were quantified using the LabImage 1D software program (Kapelan Bio-Imaging solution) after 1.0% agarose gel electrophoresis. These experiments were repeated at least three times with RNA samples which had been extracted from independently grown cultures. Real-time PCR. To confirm the differential expression of the X. oryzae pv. oryzae phoP gene in strains PXO99 and PXO99R and to assess the effect of the PhoPQ TCS on expression of hrp genes (hrpG, hrpX, and hrpA), real-time PCR using nonspecific DNA binding chemistry (SYBR green) and the Brilliant SYBR green quantitative RT-PCR master mix kit (Qiagen) was carried out. Three primer sets were designed for amplification of three regions (nt 38 to 280, 211 to 490, and 421 to 680) of the X. oryzae pv. oryzae phoP gene (DNA fragments of approximately 250 nt each). Primer sequences are listed in Table 2 . For hrpG, two sets of primers were designed. For hrpA and hrpX, primers previously used for RT-PCR were used in this experiment ( Table 2 ). PXO99 and PXO99R strains were cultured in PS medium for 3 days at 28°C (Ն10 8 CFU/ml). RNA extraction, cDNA synthesis, and PCR methods were the same as the method described above for RT-PCR.
RESULTS
A response regulator encoded by phoP is up-regulated in the raxR gene knockout mutant strain. In an effort to identify new genes regulated by the RaxRH TCS, IEF and 2-DE were sequentially carried out with total protein extracts from the X. oryzae pv. oryzae wild-type strain, PXO99, and PXO99R, a strain mutated at the raxR gene locus (11) . Forty proteins clearly up-or down-regulated in the mutant RaxR background relative to the wild type were selected, digested with trypsin, and then further analyzed using a MALDI spectrometer (data not shown). Peptide mass fingerprinting data of one of the proteins significantly up-regulated in the PXO99R mutant strain matched a protein annotated as PhoP in the X. oryzae pv. oryzae Korean strain KACC10331 and Xanthomonas campestris pv. campestris (ATCC 33913) translated genomes (Fig. 1,  inset) . Differential expression of the phoP gene at the transcriptional level was observed using real-time PCR (Fig. 1) .
The cognate protein PhoQ (described in detail in the next section) was not identified in this screen. This may be due to a limitation of gel-based proteomics in separation of hydrophobic proteins. The PhoQ protein has two hydrophobic transmembrane domains and is likely localized at the membrane. We did, however, observe a RaxR-dependent expression pattern of phoQ with microarray analysis (PXO99 versus PXO99R [data not shown]).
X. oryzae pv. oryzae phoP is similar to the phoP gene in other species, and X. oryzae pv. oryzae phoQ carries a unique Nterminal domain. We then cloned phoP from X. oryzae pv. oryzae. Primers were designed using the phoP gene sequences of X. oryzae pv. oryzae KACC10331 and X. campestris pv. campestris ATCC 33913 and used to carry out a PCR in which X. oryzae pv. oryzae genomic DNA was used as the template. The 453-nt DNA fragment synthesized from the PCR was then used as a probe to screen an X. oryzae pv. oryzae cosmid library (32) . Three colonies were identified, and the colony expressing the strongest signal was selected for further analysis. Southern blot analysis utilizing the restriction enzymes EcoRI, SalI, PstI, and BamHI was used to determine that the cosmid contained approximately 19.3 kb of X. oryzae pv. oryzae genomic DNA. Sequence analysis of a 3.6-kb subfragment resulting from EcoRI digestion revealed an operon (GenBank accession number DQ531047) containing two open reading frames of 685 (phoP) and 1417 (phoQ) nt. The larger (PhoQ) deduced protein contains a predicted histidine kinase domain A, and the smaller (PhoP) protein contains a predicted signal receiver domain and effector domain, according to the software ScanProsite (http://expasy.org/tools/scanprosite/). These domains are characteristic of HK and RR proteins belonging to the OmpR family of TCSs (29) . Alignments between X. oryzae pv. oryzae PhoP and PhoP from Pectobacterium chrysanthemi, Salmonella enterica serovar Typhimurium, and E. coli demonstrated high degrees of relatedness of up to 43% identity and 64% similarity (see Fig. S1A in the supplemental material). Among Xanthomonas strains, the amino acid sequence of the PhoP protein in strain PXO99 exhibits 100% identity to PhoP from X. oryzae pv. oryzae KACC10331 (data not shown) and from X. campestris pv. campestris ATCC 33913 (see Fig. S1A in the supplemental material). These results indicate that PhoP is highly conserved among Xanthomonas spp.
The amino acid sequence of the PhoQ protein in strain PXO99 (see Fig. S1B in the supplemental material) has up to 33% identity and 53% similarity to PhoQ proteins in the P. chrysanthemi and S. enterica serovar Typhimurium, but only in the predicted intracellular domain (from residue 205 to the C terminus) containing a histidine kinase domain A (residues 254 to 311). From the N terminus to residue 205, there is no significant identity to any known PhoQ proteins. Topological prediction software (DAS [http://www.sbc.su.se/ϳmiklos/DAS /maindas.html]) indicated that this N-terminal domain contains a signal sequence and a periplasmic domain (142 amino FIG. 1. Differential expression of PhoP in X. oryzae pv. oryzae strains PXO99 and PXO99R. Total protein (500 g) extracted from each strain, cultured in PSB for 3 days at 28°C, was processed using isoelectrofocusing (pH 4 to 10), followed by SDS-PAGE (12% acrylamide). IEF and 2-DE were repeated with three biological replicates and two technical replicates. The spot that represents the PhoP protein is circled on the gel photograph (inset). Differential expression of the phoP gene was confirmed using semiquantitative real-time PCR. Gray bars represent phoP RNA levels, and white bars represent rRNA (control) levels. RNA was extracted from strains PXO99 and PXO99R after culture in PS broth. cDNAs were synthesized using 5 g of the extracted RNAs. One microliter of cDNA was used for quantitative real-time PCR with primers specific for the phoP gene. The relative RNA levels of the phoP gene and rRNA in PXO99 and PXO99R strains were calculated relative to the copy number of rRNA in PXO99. Error bars represent standard deviations from two experiments. For a control, rRNA expression in the strains was measured.
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PhoPQ TCS IN XANTHOMONAS ORYZAE PV. ORYZAE 2187 acids long) surrounded by two transmembrane domains. These domains are associated with recognition of extracellular stimuli (see Fig. S1B in the supplemental material). These results suggest that the X. oryzae pv. oryzae PhoQ protein is probably membrane localized and that it may interact with different extracellular signals than those perceived by other characterized PhoQ proteins. Alternatively, PhoQ may employ a different mechanism of signal perception. The PhoPQ two-component system is required for AvrXA21 activity. Because PhoP is known to be a component of a TCS in other organisms (52) and in light of the fact that the raxR mutation in strain PXO99R reduced but did not eliminate AvrXA21 activity in that strain (11), we hypothesized that the PhoPQ TCS, in addition to the RaxRH system, might control AvrXA21 activity. To test this hypothesis, null mutant strains for the phoP and phoQ genes (PXO99P and PXO99Q, respectively) were generated and then used to inoculate leaves of TP309-XA21 rice plants (a transgenic rice line of Oryza sativa subsp. japonica cultivar Taipei 309 carrying the Xa21 gene; resistant to PXO99) using the scissor clip method (37) . Wildtype PXO99 and PXO99ST, a mutant strain lacking AvrXA21 activity previously generated in our laboratory (27) , were used as controls. Slightly longer lesions developed on rice leaves inoculated with PXO99Q than on those inoculated with the PXO99 wild-type strain, but there was no significant difference between the lengths of lesions on PXO99P-inoculated versus PXO99-inoculated leaves (data not shown). Bacterial growth curves established using bacteria isolated from the inoculated rice leaves clearly showed that PXO99Q bacteria grew to a level intermediate between that of the wild-type PXO99 and PXO99ST mutant strains (Fig. 2) . These results indicate that the absence of the phoQ gene reduces AvrXA21 activity. Curiously, no difference was observed in the lesion lengths (data not shown) and bacterial growth curves when comparing wildtype bacteria versus the PXO99P mutant strain in Xa21 leaves (Fig. 2) , suggesting that the absence of the phoP gene either did not affect AvrXA21 activity or that it reduced overall virulence of the strain.
Virulence is impaired in strain PXO99P. To distinguish between these two possibilities, the virulence of strain PXO99P was tested in lines not containing Xa21. For this study, we inoculated wild-type TP309 rice plants (susceptible to PXO99) with wild-type PXO99, PXO99P, or PXO99Q strains and measured lesion lengths 2 weeks later (Fig. 3A) . Surprisingly, the PXO99P mutant strain caused very short lesions (average, 0.6 Ϯ 0.1 cm) compared to that of the PXO99 wild-type strain (average, 10.1 Ϯ 2.2 cm). In contrast, the PXO99Q mutant strain maintained virulence, although lesion lengths were slightly decreased (average, 7.9 Ϯ 2.0 cm) compared to that of the PXO99 wild-type strain. Bacterial growth curves performed using rice leaves 2, 4, 6, 8, 10, 12, and 14 days after inoculation (Fig. 3B) confirmed the results from the lesion measurement experiment. The PXO99P strain showed a distinct reduction in bacterial growth compared to the wild type, while only a slight decrease in growth of the PXO99Q strain was observed (Fig. 3B) . That PhoP contributes to X. oryzae pv. oryzae virulence was confirmed through additional inoculation experiments using PXO99P-P*, a strain of PXO99P that constitutively expresses the PhoP protein (Fig. 3A) . The lack of virulence in PXO99P was completely restored in the PXO99P-P* strain. This result demonstrates that the lack of the phoP gene leads to loss of X. oryzae pv. oryzae virulence. Furthermore, this result indicates that any effect of PhoP on AvrXA21 activity would be masked by the loss of virulence in the mutant strain.
Signal transduction mediated by X. oryzae pv. oryzae PhoQ and PhoP affects cell growth under low Mg 2؉ and Ca 2؉ conditions. Because the PhoPQ TCS in bacteria that are pathogenic to animals respond to high and low concentrations of 
Mg
2ϩ and Ca 2ϩ ions (24), we investigated the effects of these divalent cations on X. oryzae pv. oryzae cell growth. The PXO99 (wild-type), PXO99Q, and PXO99P strains were grown in modified M9 minimal medium containing high (10 mM) or low (10 M) concentrations of Mg 2ϩ and Ca 2ϩ , and cell numbers were measured at 0, 12, 24, 36, 48, 60, 72, 84, and 96 h under the experimental conditions (Fig. 4) . The growth of the mutant strains was diminished in both high and low Ca 2ϩ concentrations compared to the growth of the wild-type strain (which did not depend on the concentration of this ion [ Fig. 4C  and D] ). While the wild-type strain entered the stationary phase at a cell density of 1 ϫ 10 10 , the PXO99Q and PXO99P mutant strains entered the stationary phase at cell densities of 5 ϫ 10 9 (high Ca 2ϩ ) and 1 ϫ 10 9 (low Ca 2ϩ ), respectively ( Fig.  4C and D) . Similarly, the growth of the mutant strains at the low Mg 2ϩ concentration was remarkably reduced from that of the wild-type strain under the same conditions (Fig. 4B) . The growth of the mutant strains at the high Mg 2ϩ concentration, however, was not significantly different than that of the wildtype strain (Fig. 4A) . These results indicate that the X. oryzae pv. oryzae PhoPQ regulatory system responds to limiting concentrations of extracellular Mg 2ϩ and Ca 2ϩ ions in a similar manner to the PhoPQ systems in other species.
X. oryzae pv. oryzae PhoP regulates gene expression predominantly in response to Ca 2؉ . Forty different genes in S. enterica serovar Typhimurium have been reported to be regulated by PhoP based on gel-based proteomic analysis (53) , and a total of more than 200 genes in S. enterica serovar Typhimurium and nonpathogenic E. coli are predicted to be regulated by PhoP (54) . To test whether the X. oryzae pv. oryzae PhoP regulatory activity responds to Mg 2ϩ and Ca 2ϩ starvation, we analyzed the expression of 11 genes shown to be regulated by PhoP by semiquantitative RT-PCR. Expression of the phoP gene itself was tested first because expression of the two genes encoding the HK and RR in many TCSs are often autoregulated by the RR and because expression of an operon containing phoP and phoQ genes is known to be autoregulated in S. enterica serovar Typhimurium (68) . Expression of the phoP gene was markedly inhibited by high Ca 2ϩ concentration (10 mM; 29% relative to low Ca 2ϩ concentration [10 M] according to density quantification by the LabImage 1D software program), but not by high levels of Mg 2ϩ (Fig. 5A) . These results are consistent with phoP gene expression in X. oryzae pv. oryzae being autoregulated predominantly in response to high extracellular concentrations of Ca 2ϩ and further suggest that the PhoPQ TCS may control the expression of other genes in response to high Ca 2ϩ concentration.
Next, we analyzed the expression of four genes predicted to encode magnesium transporters in the genome database for X. oryzae pv. oryzae KACC10331 (http://www.ncbi.nlm.nih.gov/sites /entrez?Dbϭgenome&CmdϭShowDetailViewϩTermToSearch ϭ631) (Fig. 5A) . The four genes were named corA1 (Gi 58583655), corA2 (Gi 58582396), mgtE1 (Gi 58580899), and mgtE2 (Gi 58580093) in this study. Using semiquantitative RT-PCR, we were able to detect expression of the corA1, corA2, and mgtE1 genes under different ion conditions, but we did not detect mgtE2 despite testing various combinations of primers and conditions (Fig. 5A) . We suspect that mgtE2 may be nonfunctional or very lowly expressed in X. oryzae pv. oryzae under the conditions tested. The expression of the corA1, corA2, and mgtE1 genes was the same in high and low Mg 2ϩ concentrations. Expression of corA1 and corA2 decreased in high Ca 2ϩ concentrations (35 and 31% relative to low Ca 2ϩ concentration), and conversely, expression of mgtE1 increased at low Ca 2ϩ concentrations (2.9 times than high Ca 2ϩ concentration). In the PXO99P strain, corA1 expression was reduced to nearly undetectable levels under high Mg 2ϩ , high Ca 2ϩ , and low Ca 2ϩ concentrations, while expression of the gene under low Mg 2ϩ concentrations appeared to be the same in the phoP mutant strain as in the wild type. In contrast, expression of corA2 and mgtE1 under both concentrations was not significantly different from expression of these two genes in the wild-type strain, though corA2 and mgtE1 expression were slightly decreased. The distinct exception was that mgtE1 expression was not enhanced under low Ca 2ϩ concentrations (Fig. 5A) in the PXO99P strain. Taken together, these results indicate that PhoP directly or indirectly controls expression of each of these four genes in response to extracellular ion concentrations.
We also investigated expression of the dnaK (Gi 58581654) and groEL (Gi 58583911) genes in the wild-type PXO99 and PXO99P mutant strains under different divalent ion conditions. The proteins encoded by these genes play important roles in protein folding and promote cell proliferation and survival (28) . In addition, the regulation of these genes is known to be controlled by Ca 2ϩ concentration in Streptococcus pneumoniae (41) . The expression of both of these genes was slightly higher at lower Ca 2ϩ concentration in strain PXO99 (Fig. 5A ). In addition, GroEL protein also accumulated to a much higher level in PXO99 than in PXO99P based on our preliminary studies using SDS-PAGE and mass spectrometric analysis (data not shown). These results clearly indicate that the expression of these genes requires the PhoP protein and is influenced by the Ca 2ϩ concentration. Ca 2؉ and Mg 2؉ perception mediated by X. oryzae pv. oryzae PhoP predominantly modulates hrp gene expression. Our finding that the virulence of strain PXO99P is impaired in rice plants suggests that one (or more) of the PhoP-regulated gene(s) encodes an X. oryzae pv. oryzae virulence factor. The few virulence factors in Xanthomonas spp. reported so far include xylanase, lipopolysaccharide (LPS), and components of the TTSS (8, 35, 39, 60, 61, 71) . To investigate whether genes involved in Xanthomonas virulence are regulated by the X. oryzae pv. oryzae PhoPQ system, another set of semiquantitative RT-PCR experiments was carried out (Fig. 5A) . In this experiment, PXO99 or PXO99P RNA was used as the template for cDNA synthesis. Specific primers were designed to amplify the X. oryzae pv. oryzae genes: hrpG (Gi 58581002), which encodes a critical regulator of hrp gene expression (81); xpsD (Gi 58580480), which putatively encodes a component of the type II secretion system involved in secreting xylanase and other enzymes (61); rfb303 (Gi 58581807), which putatively encodes a LPS core biosynthesis protein (76) ; and the vapI gene (Gi 58584090), which putatively encodes a virulenceassociated protein (34) . No differences in the expression of the rfb303 and vapI genes between the two strains were observed (data not shown). We found, however, that under low Mg 2ϩ and Ca 2ϩ conditions (10 M for each), the transcripts of hrpG and xpsD increased in the wild-type strain (Fig. 5A ). In the PXO99P strain, hrpG cDNA was undetectable except under low Mg 2ϩ conditions, while xpsD showed wild-type levels of expression in the absence of the phoP gene. These results indicate that the PhoP protein regulates hrpG gene expression in the presence of low concentrations of Ca 2ϩ . The HrpG protein is known to act at the beginning of a signaling cascade, activating gene transcription of hrpF through hrpA and hrpX (81) . We therefore used semiquantitative RT-PCR to measure the expression of two additional X. oryzae pv. oryzae hrp genes, hrpA (hrcC in the genome database of strain KACC10331 [Gi 58579717]) and hrpX (Gi 122879096). Expression of these two genes showed significantly higher expression in low Ca 2ϩ concentrations (10 M), whereas other conditions (high Mg 2ϩ , low Mg 2ϩ , and high Ca 2ϩ ) induced minimal expression in the wild-type strain. Expression of hrpG, hrpX, and hrpA was undetectable in the PXO99P strain except under low Mg 2ϩ conditions (10 M). These results suggest that the X. oryzae pv. oryzae PhoPQ TCS regulates hrp gene expression through HrpG.
To quantify the expression of the hrpG, hrpA, and hrpX genes, we used real-time PCR (Fig. 5B) . The semiquantitative RT-PCR data described above (Fig. 5A) indicate that the expression pattern of the hrpA and hrpX genes, known to be targets of HrpG, differed from that of hrpG, which showed higher expression under low Mg 2ϩ and Ca 2ϩ concentrations. In contrast, real-time PCR revealed the same expression patterns for all three genes in the wild-type strain: higher expression under low concentrations of the ions (1.2-to 2-fold-increased expression for hrpA, threefold-increased expression for hrpX, and twofold-increased expression for hrpG) compared with growth in high Mg 2ϩ and Ca 2ϩ concentrations [ Fig.  5A and B] ). The differences in the results from the semiquantitative RT-PCR and the real-time PCR experiments may be concentrations. The cells were cultured in NB medium for 3 days, washed three times with sterilized and deionized water, transferred into M9 minimal medium containing different concentrations (10 mM or 10 M) of Mg 2ϩ and Ca 2ϩ ions, and cultured for 2 days at 28°C. cDNA was synthesized from 5 g of total RNA extracted from the cells, and 1 l of the synthesized cDNA in each cell strain was used for PCR. This experiment was repeated three times each with three independent replicates. (B) hrpG, hrpA, and hrpX expression analysis using semiquantitative real-time PCR. Wild-type PXO99 and PXO99P mutant strains were cultured as described above for panel A. Five micrograms of total RNA extracted from cells cultured in each condition was subjected to one-step real-time PCR using nonspecific binding chemistry (SYBR green). Standard curves for each gene or rRNA, hrpG, hrpA, and hrpX to quantify transcripts of each gene in each condition were established by the threshold cycle values obtained against the known concentration of 10-fold serially diluted genes (rRNA, hrpG, hrpA, and hrpX) ranging from 10 5 to 0.001 pg per milliliter. Quantitative determination for each gene was obtained through equations computed from standard curves of each gene, and the data present relative copy numbers of each gene to the copy number of rRNA in each condition. The error bars correspond to the standard deviations from two independent replicates carried out with two sets of primers for the hrpG gene and a set of primers for the hrpA and hrpX genes.
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due to the relative insensitivity of semiquantitative RT-PCR compared to real-time PCR. The observed pattern of regulation of these three hrp genes in the wild-type strain was clearly abolished in the PXO99P mutant strain (although some gene expression was detected under the low Mg 2ϩ concentration). The expression of the three genes under low Mg 2ϩ concentration in the PXO99P mutant strain decreased compared to that of the wild-type PXO99 strain (Fig. 5B) . These results clearly indicate that X. oryzae pv. oryzae PhoP regulates hrp gene expression in response to Mg 2ϩ and Ca 2ϩ concentrations. To test whether the deficiency we observed in hrp gene expression in strain PXO99P led to the loss of virulence in that strain, a mutant (PXO99P-G*) of PXO99P that constitutively expresses the HrpG protein was generated. In an inoculation experiment with TP309 (susceptible to PXO99), the development of longer lesions was evident with the HrpG-expressing strain compared to the PXO99P strain (Fig. 6) ; however, the HrpG-expressing strain did not complement the mutant PXO99P phenotype as fully as constitutive expression of PhoP itself (Fig. 3) . Lesions that develop after inoculation of the wild-type PXO99 strain typically develop from the inoculation site, and chlorosis, symptomatic of the disease, is apparent in 2 weeks after inoculation (Fig. 6) . The lesions of the strain constitutively expressing HrpG developed more slowly than those of the wild-type strain. Also, chlorosis occurred over a wide area rather than emanating only from the inoculation site (Fig.  6) . While the strain constitutively expressing HrpG did not show changes in growth in PS medium or minimal medium containing high (10 mM) or low (10 M) concentrations of Mg 2ϩ and Ca 2ϩ compared to the PXO99P strain (data not shown), bacterial growth curves established using rice leaves 0, 2, 4, 6, 8, 10, 12, 14, 18, and 22 days after inoculation (see Fig.  S3 in the supplemental material) confirmed that the strain constitutively expressing HrpG grew to levels intermediate to those of PXO99 and PXO99P. These results indicate that PhoP is a key regulator of hrp gene expression and virulence and that additional components regulated by the PhoPQ TCS are required for complete virulence. These results are in agreement with reports indicating that the Salmonella, animalpathogenic bacteria, PhoPQ regulatory system controls the TTSS system (1, 7) .
Tolerance to antimicrobial peptides is weakened in both strains PXO99P and PXO99Q. The PhoQ and PhoP proteins are known to enhance tolerance to antimicrobial peptides in pathogenic bacteria (48, 66) . To determine whether the X. oryzae pv. oryzae PhoPQ system also regulates tolerance to antimicrobial peptides, we tested the tolerance of strains PXO99, PXO99Q, and PXO99P to polymyxin B, a naturally occurring cyclic AMP found in Bacillus polymyxa (72) , and purothionin, an antimicrobial peptide present in plants (23) . We added various concentrations (0.25, 0.5, 1, and 2 mg/ml) of the antimicrobial peptides to cultures of PXO99, PXO99Q, and PXO99P and measured cell population size 6, 12, and 18 h later ( Fig. 7A ; also data not shown). Our results indicate that wild-type X. oryzae pv. oryzae is moderately tolerant to these antimicrobial peptides. The addition of 250 g/ml of polymyxin B and purothionin into the culture medium reduced the PXO99 cell population to 47% and 28%, respectively, after 6 h (data not shown). When 500 g/ml of the same antimicrobial peptides was added to the culture medium, the cell populations declined even more to 43% and 65%, respectively (Fig. 7A) . Under the same conditions, populations of the phoQ knockout strain were reduced to 42% and 34%, respectively, and populations of the phoP knockout strain showed the most dramatic decreases to 15% and 21%, respectively. These results indicate that X. oryzae pv. oryzae PhoP contributes to tolerance to both antimicrobial peptides tested, while PhoQ provides tolerance mainly to purothionin.
At higher concentrations (1 and 2 mg/ml) and longer incubations (Ͼ12 h), all strains succumbed to the antimicrobial peptides, and all cells died (data not shown). These results indicate that X. oryzae pv. oryzae PhoPQ is involved in tolerance to antimicrobial peptides but that an HK other than PhoQ may also be involved.
Strain PXO99P is more susceptible to acidic conditions. Because the PhoPQ regulatory system in other bacterial species is known to recognize not only the divalent cations Mg 2ϩ and Ca 2ϩ but also to provide tolerance to acidic conditions (6), we tested the tolerance of the PXO99, PXO99P, and PXO99Q strains to acidic conditions. Cells were cultured under neutral pH conditions (pH 7.0) and then transferred to medium with the same or lower pH (pH 7.0, 5.5, 4.5, 3.5, and 3.0). The viability of the strains under the different pH conditions was then measured 4 h after transfer. All of the strains showed a slight decrease in percent survival at pH 5.5 and a dramatic decline at pH 3.5 and 3.0, conditions under which cell populations of all strains were reduced to less than 0.5% (data not shown). However, after 4 h at pH 4.5, a clear difference in tolerance to acidic conditions was evident among the strains (Fig. 7B) . The populations of both the wild-type strain and the PXO99Q mutant strain were 120% of what they had been at the time of transfer to pH 4.5. In contrast, the population of the PXO99P mutant strain declined markedly in the acidic medium to less than 20% of its size at the time of transfer (Fig.  7B) . These results indicate that the PhoPQ TCS provides tolerance to acidic conditions and suggest that PhoQ function may be partially redundant in X. oryzae pv. oryzae, because mutations in PhoP but not PhoQ eliminated tolerance to acidic conditions. Activity of a nonspecific acid phosphatase is regulated by the PhoPQ system. Expression of the phoN gene, which encodes a nonspecific acid phosphatase (EC 3.1.3.2) , is associated with Mg 2ϩ sensitivity mediated by the PhoPQ TCS in S. enterica (36, 45) . We therefore explored nonspecific acid phosphatase activity in the PXO99, PXO99Q, and PXO99P strains cultured in high and low Mg 2ϩ conditions (Fig. 7C) . In the wild-type X. oryzae pv. oryzae strain, enzyme activity was higher (approximately 1.5 times) at low Mg 2ϩ concentrations than at high Mg 2ϩ concentrations, suggesting that a nonspecific acid phosphatase(s) has increased activity at a low concentration of Mg 2ϩ ions. Enzyme activity in PXO99Q was similar to that in PXO99 under both low and high Mg 2ϩ ion concentrations (Fig. 7C) . However, enzymatic activity in the PXO99P mutant strain was approximately 60% of the activity level measured in PXO99 and PXO99Q at both high and low Mg 2ϩ concentrations (Fig. 7C) . The effects of low Ca 2ϩ concentrations on enzyme activity were similarly tested and resulted in a similar pattern among the three bacterial strains (data not shown). These results suggest that the PhoP protein modulates the expression of a nonspecific acid phosphatase(s) in X. oryzae pv. oryzae.
DISCUSSION
Two-component regulatory systems, present in both gramnegative and gram-positive bacteria, have been shown to regulate a wide variety of biological processes in response to environmental fluctuations. Such processes include the production of bacteriocins, expression of various toxins, and production of other proteins related to virulence and pathogenicity (56) . In prokaryotes, TCSs are generally characterized by a simple phosphoryl transfer scheme (70) . The histidine kinase carries a sensor domain that is responsible for detection of external stimuli and regulates the kinase activity of the HK. The HK catalyzes ATP-dependent autophosphorylation of a specific histidine residue within its dimerization domain. A cognate response regulator, the other component in this TCS then catalyzes transfer of the phosphoryl group from the phospho-histidine to one of its own aspartate residues in its conserved regulatory (or receiver) domain. This phosphorylation induces a conformational change in the C-terminally located effector domain, which results in its activation and generates the output response of the signaling pathway. Although detailed information on the mechanism of DNA binding is lacking, it has been well established that the majority of RRs function as transcription factors (70) .
One of the best characterized examples of a TCS is the one mediated by PhoQ and PhoP (PhoPQ). Since this TCS was first identified in Salmonella enterica serovar Typhimurium (52) , it has been extensively studied in S. enterica serovar Typhimurium, Neisseria meningitidis, and Yersinia pseudotuberculosis FIG. 7 . Viability of PXO99, PXO99Q, and PXO99P strains after treatment with antimicrobial peptides (A) and acid (B). (A) Polymyxin B (0.5 mg/ml) or purothionin (0.5 mg/ml) was added to saturated cultures of PXO99, PXO99Q, and PXO99P strains and then incubated at 28°C with shaking. To measure survival, after 6 h, 10 l of each culture was dropped onto PS agar plates and incubated at 28°C, and the colonies were counted after 3 days. (B) PXO99, PXO99Q, and PXO99P strains were inoculated into PS broth adjusted to pH 7.0 or pH 4.5 with acetic acid. After 4 h, the cell population was measured using a UV-visible spectrophotometer at 600 nm. The error bars in panels A and B correspond to the standard deviations from three independent cultures for each study. (C) Activity assay for X. oryzae pv. oryzae nonspecific acid phosphatase. Saturated cultures of PXO99 (dark gray), PXO99Q (light gray), and PXO99P (white) strains were reinoculated into modified M9 minimal medium containing 10 mM or 10 M MgSO 4 after three washes with sterilized, deionized water and incubated at 28°C for 2 days. After a 30-min reaction with the extracted total protein (50 g) and enzyme reaction mixture, the enzymatic activity of nonspecific acid phosphatase was measured by a UV-visible spectrophotometer at 405 nm. The enzymatic activity of each reaction mixture relative to the activity of the PXO99 wild-type strain at a high concentration of Mg 2ϩ is shown. The error bars correspond to the standard deviations from three independent replicates. (50, 52, 63) , but it is little known in phytopathogenic bacteria. The name Pho was adopted because the regulatory system controlled expression of a nonspecific acid phosphatase, and it was therefore thought to be involved in phosphate metabolism (38) (12) . The domain also is known to have dual binding sites for Mg 2ϩ and Ca 2ϩ , suggesting that the mechanism of signal transduction in response to these ions is different (62) . Furthermore, a recent paper by Bader et al. (5) indicates that recognition of peptides by PhoQ triggers pathogen virulence.
In this paper we show that the X. oryzae pv. oryzae PhoPQ TCS is negatively regulated by a previously characterized TCS called RaxRH (11) . The PhoP protein is highly expressed in the PXO99R mutant strain lacking the RaxRH TCS (Fig. 1) . Impairment of the cognate sensor protein, PhoQ, in another mutant strain, PXO99Q, partially reduced AvrXA21 activity in inoculation experiments with a rice line carrying XA21 (Fig. 2) . We could not test for AvrXA21 activity specifically in PXO99P because that strain had lost virulence. These results suggest that, in addition to RaxRH, the TCS mediated by PhoPQ is also required for AvrXa21 activity and that these two TCSs might cooperate with regard to AvrXA21 regulation.
Precedents for cooperating TCS phosphotransmission schemes have been reported. For example, two RRs can interact with one HK (e.g., CheA to CheB and CheY [46] ), or one RR can interact with two HKs (e.g., ArcB and CpXA to ArcA [33] ), or two HKs can control two RRs (46) . In addition to these phosphotransmission schemes, it has been reported that a protein induced by a TCS can control the stability of the phosphorylated RR (83) . These reports suggest that rather than operating independently to sense and respond to different environmental signals, different TCSs closely coordinate their activities in order to rapidly and effectively respond to environmental changes.
It is not yet clear whether the RaxRH and PhoPQ TCSs are sufficient for regulation of AvrXA21 activity or whether other factors are also needed. In inoculation experiments with double knockout mutant strains for both phoQ and raxH and for phoQ and raxR, partial AvrXA21 activity was retained (data not shown). The inability to completely knock out AvrXa21 activity in these double mutants suggests that additional genes might also mediate AvrXA21 activity. To obtain a clear answer to this question, we would need to test AvrXA21 activity (44) with a double knockout mutant strain for both RRs, RaxR and PhoP. However, despite many attempts, we were not able to isolate such a mutant, suggesting that the lack of both RRs, RaxR and PhoP, is lethal for X. oryzae pv. oryzae.
We have previously shown that RaxRH controls AvrXA21 activity by regulation of rax genes. Our preliminary experiments to test whether raxSTAB expression is also regulated by PhoP under limiting concentrations of Mg 2ϩ and Ca 2ϩ indicate that PhoPQ does not regulate raxSTAB expression (see Fig. S2 in the supplemental material). Although it is not yet clear why the X. oryzae pv. oryzae PhoPQ TCS, negatively regulated by the RaxRH TCS, is required for AvrXA21 activity, a possible explanation is that the X. oryzae pv. oryzae PhoPQ TCS may directly regulate AvrXA21 expression under certain conditions independent of RaxRH regulation of rax gene expression. We are now testing this possibility.
Our results indicate that X. oryzae pv. oryzae PhoP is a critical component of X. oryzae pv. oryzae virulence because strains lacking phoP lose virulence (Fig. 3) . As we have also found that tolerance to antimicrobial peptides is weakened in the phoP and phoQ knockout strains, this sensitivity may be a key aspect of the lack of virulence of the phoP mutant. The mechanism for PhoP-controlled virulence in X. oryzae pv. oryzae may be similar to that observed for animal pathogens (52) . It is well-known that the PhoPQ TCS in bacteria pathogenic to animals is activated by antimicrobial peptides, ␣-helical peptides, and aminoglycosides (4, 19, 49) . The PhoPQ TCS in the phytopathogen P. chrysanthemi, the only example in phytopathogenic bacteria, is similarly activated by antimicrobial peptides (47, 48) . Antimicrobial peptides provide a first line of defense against invading microbes in both plants and animals (84) . These peptides are up to 15 to 40 amino acids in length and act mainly at the cell membrane (10) . A major component of the outer membrane in gram-negative bacteria, LPSs, is a target of these antimicrobial peptides. The PhoPQ regulatory system in S. enterica serovar Typhimurium, for example, posttranscriptionally activates the products of ugtL and pmrA that, in turn, control lipid A modifications in LPSs (66) . The modified LPS in the outer membrane promotes bacterial survival by increasing their resistance to antimicrobial peptides (20) . Although no rice antimicrobial peptide has yet been characterized, the rice genome does encode a cysteine-rich peptide called antimicrobial peptide MBP-1 (http://rice.tigr.org/tdb /e2k1/osa1/ca/gene_fams/22_36.shtml). If X. oryzae pv. oryzae can respond to this rice antimicrobial peptide, the absence of PhoP may contribute to the compromised virulence of rice.
Similar to what has been discovered for the role of PhoPQ in animal-pathogenic bacteria, we found that X. oryzae pv. oryzae requires PhoPQ to tolerate acidic conditions (Fig. 7B) . This result is interesting in light of the fact that X. oryzae pv. oryzae is confronted with a change in acidic conditions (pH 4.5 to 6.5) after invasion of its host, rice (30) . In order for the bacterium to optimize its entire metabolism to survive and proliferate under fluctuating pH, tolerance to acidic conditions is required.
The observation that the X. oryzae pv. oryzae PhoPQ TCS provides resistance to antimicrobial peptides and tolerance to acidic conditions presents a possible explanation for the question: why does the HrpG overexpression mutant not restore complete virulence? Although the overexpressed HrpG protein activates hrp gene expression, the absence of resistance to antimicrobial peptides and to acidic conditions of the mutant strain, PXO99P-G*, restricts full restoration of virulence by complementary HrpG.
Regulation of the components comprising the TTSS is known to involve PhoPQ TCSs in animal-pathogenic bacteria and is a factor critical for pathogenicity. For example, Salmo-nella PhoP controls expression of the genes encoding the SsrB responsive regulator and SpiR sensor protein of the SsrB/SpiR regulatory system which, in turn, regulates the Salmonella pathogenicity island 2 (SPI-2) (7), a large virulence locus encoding a TTSS. In this case, control of TTSS components by PhoP protein is indirect, and Mg 2ϩ deprivation and phosphate starvation are also required to induce SPI-2 (17) . In addition, a PhoP-activated operon in SPI-1 composed of two genes, orgB and orgC in S. enterica, which encode a protein that interacts with InvC ATPase and a TTSS effector protein, respectively, were recently identified (1).
X. oryzae pv. oryzae PhoP also appears to control TTSS regulation, although in X. oryzae pv. oryzae, unlike animal pathogens, this control is exerted through regulation of hrpG gene expression (Fig. 5 and 6 ). In Xanthomonas spp. and R. solanacearum, HrpG activates hrpX and hrpA expression and then HrpX regulates the expression of the hrpB to hrpF genes, which encode components of the TTSS and several effector proteins. Our results reveal that in X. oryzae pv. oryzae, hrpG, hrpA, and hrpX showed similar expression patterns in response to various levels of ions ( Fig. 5A and B) . Interestingly, we have found that all 23 hrp and hrp-related genes, including hrpG, hrpA, and hrpX, are down-regulated in RaxR overexpression strains and up-regulated in RaxR knockout strains (data not shown). These results further support the model that X. oryzae pv. oryzae hrp gene expression is under control of PhoP, which is in turn, negatively regulated by the RaxRH TCS (Fig. 8) .
Although the regulatory control exerted by the HrpG protein on hrp gene expression has been well studied, the regulation of hrpG itself remains poorly understood. HrpG is considered an orphan regulator because, until now, a cognate sensor protein responding to host conditions had not yet been identified. Our finding that X. oryzae pv. oryzae PhoP controls HrpG and the HrpG-dependent response mainly by the Ca 2ϩ concentration suggests that the PhoPQ TCS regulates downstream hrp genes and TTSS. Interestingly, the Ca 2ϩ concentration is about 100 nM in the plant cytoplasm under normal growth conditions, similar to the conditions used to test the PhoP-mediated HrpG-dependent response to Ca 2ϩ in our studies (82) . Although to our knowledge the Ca 2ϩ concentration in extracellular spaces or xylem has not yet been reported, it is possible that low concentrations of Ca 2ϩ in the rice xylem can induce hrp gene expression and the TTSS via PhoPQ TCS. The regulation of hrp gene expression, however, is likely not a simple circuit. A recent paper reports that a putative transcriptional regulator gene, named trh (transcriptional regulator for hrp), is involved in expression of HrpG in X. oryzae pv. oryzae (74) . Putting these results together, the orphan regulator HrpG might function as part of multiple regulatory systems rather than interacting with a single cognate HK that senses external stimuli.
Although the X. oryzae pv. oryzae PhoPQ TCS shares many characteristics with animal-pathogenic bacteria, there are several important differences. First, the periplasmic domain of X. oryzae pv. oryzae PhoQ is different in sequence from that of other genera, including the phytopathogen Pectobacterium (47) . This difference presents the possibilities that X. oryzae pv. oryzae PhoPQ signal transduction might be stimulated by a different extracellular molecule(s) or that the PhoQ binding to the extracellular signal occurs in a different manner. The X. oryzae pv. oryzae PhoQ protein sequence is highly conserved among Xanthomonas spp., including X. campestris pv. campestris, X. axonopodis pv. citri, and X. axonopodis pv. vesicatoria.
Gene expression analyses carried out with X. oryzae pv. oryzae wild-type and PhoP mutant strains revealed another unusual characteristic of the X. oryzae pv. oryzae PhoPQ system. In animal-pathogenic bacteria, regulation of gene expression by PhoP is known to be sensitive to Ca 2ϩ and Mg
2ϩ
. Interestingly, regulation by PhoP in X. oryzae pv. oryzae is predominantly sensitive to Ca 2ϩ , although both ions have a regulatory effect on the genes (Fig. 5) . That is, most of the regulated genes still exhibited expression at low Mg 2ϩ concentrations in strain PXO99P. In light of these results, we suggest that Xanthomonas may have another system for responding to extracellular Mg 2ϩ concentrations and the system might cooperate with PhoPQ TCS.
The discrepancy between the phenotypes of strains PXO99Q and PXO99P is another functional difference between the PhoPQ regulatory systems of X. oryzae pv. oryzae and those characterized from other bacteria. As is well-known, TCSs are generally activated through recognition of extracellular stimuli by a sensor protein, an HK, followed by activation of a responsive regulator, RR. On the basis of this simple signaling scheme, one would expect that knockout strains of the HK and RR would have the same phenotype, the same degree of sensitivity in all characteristics. This is, in fact, the case for the PhoPQ systems of bacteria pathogenic to animals. In X. oryzae pv. oryzae, however, the sensitivity of the phoQ and phoP knockout strains to antimicrobial peptides, acidic conditions, and their requirements for activity of a nonspecific acid phosphatase was curiously different for each strain (Fig.  7) . A possible explanation is that the X. oryzae pv. oryzae PhoPQ TCS may have an unusual phosphotransmission scheme in which another HK is able to share the PhoP protein for signal transduction. A precedent for this has been reported; ArcA and CpxA share the ArcB RR protein in E. coli (33) . If PhoP can share a sensor, this would explain why defects in the PhoQ protein in strain PXO99Q could be partially complemented. FIG. 8 . Model for integrated circuitry controlling extracellular sensing and response in X. oryzae pv. oryzae. PhoP, which is negatively regulated by RaxR, controls expression of the corA1, groEL, dnaK, and hrp genes. The PhoPQ TCS, also required for AvrXA21 activity in addition to RaxRH, governs X. oryzae pv. oryzae virulence. OM, outer membrane; IM, inner membrane. Figure 8 shows a model for regulation of virulence by the X. oryzae pv. oryzae PhoPQ TCS. The PhoPQ TCS is negatively regulated by the RaxRH TCS and controls gene expression in response to low concentrations of extracellular Ca 2ϩ and Mg 2ϩ . These genes include corA1, a putative Mg 2ϩ transporter, as well as groEL and dnaK, genes involved in protein folding, cell proliferation/survival (28) , and self regulation. The X. oryzae pv. oryzae PhoPQ TCS also activates hrp gene transcription through the orphan response regulator HrpG, a key regulator of hrp and TTSS effector gene expression. Our results also demonstrate that the X. oryzae pv. oryzae PhoPQ TCS is critical for survival under host conditions. The TCS confers resistance to antimicrobial peptides and tolerance to an acidic environment, conditions that X. oryzae pv. oryzae likely confronts upon entry into a rice plant. These results provide important data for understanding the integrated regulatory system that the bacterium utilizes to respond to environmental fluctuations.
Our previous results suggest that AvrXA21 is likely a small sulfated peptide secreted by the type I system and that AvrXA21 regulates the rax system via its recognition by the RaxRH TCS in a density-dependent manner (44) . In support of this hypothesis, we have shown that AvrXA21 is necessary for density-dependent expression of rax genes. These results, combined with the results in this paper, lead to the hypothesis that AvrXa21 triggers a transition from a quiescent or epiphytic state to an invasive or pathogenic state in response to changing extracellular conditions sensed by the two TCSs. This hypothesis would explain why the PhoPQ TCS, which triggers expression of a set of genes, including the hrp genes, through the negative regulation of RaxRH, is also required for AvrXA21 activity. Because X. oryzae pv. oryzae must monitor population size under changing conditions, an integrated and flexible response system would be desirable. In this model, the PhoPQ TCS controls both hrp gene and AvrXA21 gene expression directly. As cell population increases inside the cell, AvrXA21 would accumulate. Sensing of AvrXa21 by the RaxRH TCS would activate another set of genes (including rax genes) required for a second stage of infection. In support of this hypothesis, Daniels et al. report that QS controls both swarming motility in the macerating pathogen Rhizobium etli (15) and tissue maceration of the host plant. These processes are critical to successful infection and also control the ability of R. etli to trigger the hypersensitive response in nonhosts (67) . Further studies to mechanistically elucidate the relationship between the integrated circuitry controlled by these two TCSs, RaxRH and PhoPQ, for X. oryzae pv. oryzae virulence and avirulence are in progress.
